The matrix isolation technique combined with infrared spectroscopy has been used to characterize Criegee Intermediates (CI) and other products formed during the ozonolysis reactions of ethyl vinyl ether and nbutyl vinyl ether. Twin jet deposition at 14 K led to a number of new bands indicating the formation of products, with an intensity increase of $150% to 400% when annealing to 30 K. All the infrared absorptions could be assigned to different bands, which provided direct evidence for the formation of primary ozonides, CI and secondary ozonides in the systems investigated. Theoretical calculations at the B3LYP-D3/aug-cc-pVTZ level were carried out to complement the experimental observations.
Introduction
Oxygenated volatile organic compounds (OVOCs) are important components of the tropospheric photochemistry.
1,2 They are emitted into the troposphere both from natural and anthropogenic sources, as well as formed from the oxidation of hydrocarbons present in the atmosphere. Natural sources include biological and biogenic emissions, while anthropogenic sources include emissions from biomass burning, and various industrial and other commercial activities where they are used as oxygenated solvents, fuels, and fuel additives. [3] [4] [5] Several studies have shown that OVOCs play an important role in the formation of ozone from photooxidation. It has also been proven that OVOCs contribute substantially to the formation of secondary organic aerosols (SOA) and hence affect the radiative budget of the atmosphere. 6 Vinyl ethers (CH 2 ]CHOR, where R is an alkyl or aryl group) are one group of OVOCs used as new solvents to replace traditional ones in order to reduce damaging health effects associated with their use.
7 These ethers are used in different industries, particularly as solvents, motor oil additives, and as intermediates for the synthesis of avors, fragrances and pharmaceuticals. 8 Upon their release into the atmosphere, vinyl ethers undergo either photolysis or photochemical oxidation by OH radicals and ozone during daytime and by nitrate radicals (NO 3 ) and ozone during the nighttime. 5, [9] [10] [11] [12] Reactions with Cl atoms may also be important in certain locations during certain times of the year.
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Some experimental and theoretical studies on the reaction of ozone with selected vinyl ethers have been performed. The rate coefficient of the ozonolysis of ethyl vinyl ether (EVE) measured at ambient temperatures and atmospheric pressure in different chambers, a borosilicate glass chamber and a FEP Teon chamber, was determined to be (2.60 AE 0.42) Â 10 À16 and (1.54 AE 0.30) Â 10 À16 cm 3 per molecule per s, respectively. 12, 14 The rate coefficient of the ozonolysis of n-butyl vinyl ether (n-BVE), conducted in a borosilicate glass chamber at similar conditions to the above, was determined to be (2.59 AE 0.52) Â 10 À16 cm 3 per molecule per s. 12 Studies on the ozonolysis of methyl vinyl ether and propyl vinyl ether showed that the main intermediate products in these reactions were formaldehyde and esters, 15, 16 and thus the formation of Criegee Intermediates (CI) in the course of the reactions was speculated, in agreement with the results observed in the ozonolysis of EVE and n-BVE.
11,17
However, some of the reaction products were not identied due to limitation of the isolation technique. Moreover, the experimental data were obtained just over a narrow temperature range, 287-298 K, for the EVE ozonolysis and solely at 298 K for n-BVE ozonolysis.
The Criegee mechanism in the ozonolysis of alkenes provides extensive indirect experimental evidence, and is supported by theoretical calculations. [18] [19] [20] [21] [22] This mechanism involves initial formation of a primary ozonide (POZ) by a 1,3 polar addition across the double bond of the alkene, forming a 1,2,3-trioxolane species. 23 The reaction further leads to decomposition into an aldehyde and the proposed CI, a carbonyl oxide. The CI and the aldehyde may then recombine to form a secondary ozonide (SOZ) or react further to form a range of products. 24 According to the Criegee mechanism, the general equations for the initial reaction steps of ozone with EVE and n-BVE are as follows: 
where a represents the proportion of the CI formed. The matrix isolation technique is an effective method to detect unstable reactive intermediates. It has been successfully used to isolate many novel short-lived species and has the potential to be an effective tool for the stabilization of initial intermediates in the ozonolysis of ethers. Ozone and nine different olens were deposited separately onto a cold (88 K) window, and aer the window was warmed (98 to 423 K), two products were formed, presumably a p-complex and 1,2,3-trioxolane (1,2,3-trioxolane only, for C 2 H 4 ). 25 Further warming the window led to the p-complex decomposition, probably to the initial reactants, while POZ gave SOZ and other products. The ozone and ethylene mixtures condensed on a CsI window at 50 K reacted upon diffusion at approximately 80 K in solid xenon to form POZ and SOZ products, and strong infrared absorptions were observed. 26 The ethylene POZ fundamentals were also characterized using 13 C, 18 O, and deuterium isotopic data. POZ and SOZ were reported from the codeposition of ozone and three different olens (propylene, 2-trans-butene and methylpropene) in a xenon matrix at 80-110 K and a CF 3 Cl solution at 130-150 K. 27 The codeposition onto a 14 K window of ozone with 1,2-dibromoethene and 1,2-dichloroethene in argon matrices has been examined using FTIR and it was believed to follow the Criegee pathway. 28 Using matrix isolation, infrared spectroscopy, and theoretical calculations, the reaction between 1,4-cyclohexadiene and ozone was investigated and besides the widely-known Criegee mechanism, a new pathway to this reaction was found to lead to the formation of the benzene-H 2 O 3 complex through dehydrogenation.
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In this study, matrix isolation technique combined with FTIR spectroscopy was used to identify and characterize early intermediate products in the reactions of ozone with EVE and n-BVE in argon matrices. Density functional theory (DFT) calculations were carried out to determine the structures of the reaction intermediate products, the relative energies of different reaction channels and to complement the experiments in assigning the products bands. Most likely reaction mechanisms for these ozonolysis reactions are proposed, and their atmospheric implications are discussed.
Material and methods

Chemicals
Ethyl vinyl ether (98%, Aladdin) and n-butyl vinyl ether (analytical standard, Aladdin) were used directly as received. O 3 was produced by Tesla coil discharge of O 2 (99.999%, Deyang special gas company) and trapped at 77 K to remove residual O 2 and trace gases. Argon (99.999%, Deyang special gas company) was used as the matrix gas in all experiments. The mixtures of argon/sample were prepared into a mixing reservoir, which was a 5 L stainless steel vessel, and diluted with argon/sample ratio from 100/1 to 200/1.
Blank experiments
Prior to every codeposition experiments, blank experiments were run on each of the parent compounds, including deposition and annealing. These blanks acted as authentic spectra of the pure starting compounds, allowing for clear identication of product bands as well as an internal standard for the extent of the reaction.
Ozonolysis experiments
All the experiments were performed on a matrix isolation apparatus, using a closed-cycle helium compressor cooled cryostat (PT-SHI-4-5, Janis Research Company, USA) to achieve low temperatures. The cryostat was housed in a vacuum chamber. A pressure gauge (WRG-NW25, Edward, UK) was used to monitor the pressure inside the cryostat chamber. A base pressure of 10 À5 mbar was generally recorded at the beginning of an experiment. The vacuum vessel was equipped with diamond windows throughout, and sat in the sample beam of a FTIR spectrometer (Vertex 80v, Bruker) for the duration of the experiment. Twin jet mode was used in the depositing process, in which the Ar/O 3 and Ar/samples gas mixtures were fed to the cold window through separate ports in the cold head. A temperature programmed method was used to control reaction time. The two gas samples were deposited from separate jets onto the 14 K cold window at the rate of 2 mmol h À1 , allowing for only a very brief mixing time prior to matrix deposition. The matrices were subsequently warmed to 25, 30 and then to 35 K to permit limited diffusion and/or reaction. These matrices were then recooled to 14 K and additional spectra were recorded. The spectra were recorded from 500 to 5000 cm À1 averaging 128
scans at a resolution of 0.5 cm À1 . The data were analyzed with OPUS 7.2 soware. The experiment of argon/sample with a ratio of 200/1 was repeated three times to ensure the results were reproducible. An additional experiment with argon/sample ratio of 100/1 was also conducted.
Computational methods
Theoretical calculations were carried out on possible intermediates using Gaussian 09 (Revision E.01). 30 DFT calculations based on the B3LYP-D3 functional, which includes the dispersion correction, 31 were used to locate energy minima, determine structures, and calculate vibrational spectra of all relevant intermediates. The geometry optimizations and vibrational frequency calculations were performed using the aug-cc-pVTZ basis set. 32 The relative reaction energies were calculated by subtracting the sum of electronic and zero-point energies of the reactants from those of the products.
Results and discussion
Optimized structures and reaction energies
The immediate products of the reactions of ozone with EVE and n-BVE are believed to be the initial intermediates of POZ, CIs and SOZ. Since the POZ formed in these systems are unsymmetrical, cleavage in the second step of the reaction could lead to two different CIs for the ozonolysis of EVE and n-BVE. The structures of the POZ, CIs and SOZ in the ozonolysis of EVE and n-BVE are shown in Fig. 1 and S1 , † respectively. The calculated energies relative to the reactants are given in the parentheses. The relative energy values for POZs were calculated to be À50.3 and À60.8 kcal mol À1 for the EVE and n-BVE ozonolysis reactions, respectively, which indicates that the formation of POZs is energetically favorable. For the EVE ozonolysis reaction, the relative energies of CIs from channels I and II were calculated to be À75. 1 Fig. 2 . The indicated codeposition of EVE and ozone into argon matrices led to a very rapid reaction, and the formation of a number of distinct, medium-to-weak product bands, occurred during a very brief time of matrix condensation. When the matrix was annealed to 25 K and then re-cooled, some of the initial product bands grew slightly, by a factor of $1.5, while others decreased. Then, the matrix was annealed to 30 K and re-cooled to 14 K. The initial product bands grew considerably at 30 K (Fig. 2) , by factors between $1.5 and 4 (150% to 400% increase compared to 14 K). These observations imply that the energy barrier in the reaction of ozone with EVE might be very low. Also, the large number of product bands suggests that more than one product was formed under the matrix condition. The new product bands and their assignments are summarized in Table 1 .
An additional twin jet experiment was conducted by changing the argon/EVE ratio to 100, while the argon/ozone ratio was held constant. The experiment was conducted to provide some variations in the concentration, while maintaining relatively concentrated conditions to increase the likelihood of secondary reactions. The same product bands described above were observed, and the observed band intensities varied directly with the concentrations used in the experiment. The infrared spectra at different concentrations are shown in Fig. S2 . † Some studies on the reaction of EVE with O 3 have documented the formation of POZ and SOZ arising from the ozonolysis of the C]C double bonds.
11, 33 The products of this reaction suggest that the Criegee mechanism may be taking place in this system, although the two CIs have not been observed. The possible pathway generating POZ and CI was consistent with the known, low activation barrier ($2.5 kcal mol À1 ) pathway for the reaction of ozone with EVE. 33 This reaction was believed to lead initially to the POZ, with an exothermicity on the order of 51 kcal mol
À1
. If the energy was not removed sufficiently, the reaction proceeded through a second barrier leading to decomposition of POZ and formation of CIs. For small alkenes, the barrier separating the POZ from the CI was $18 kcal mol À1 , substantially less than the exothermicity of the initial reaction. 24 The CI could either be stabilized in the matrix or undergo a recombination process to form the SOZ. The most likely step in a subsequent reaction would be decomposition by CO 2 elimination from the carbonyl oxide moiety of the CI. 24 However, this possibility could be eliminated by comparing experimental data to theoretical calculations 33 and literature spectra. 34 Further reactions leading to stable nal products were not expected to occur within the matrix due to the nature of the physical environment (low temperature) and the known stability of SOZ. While POZ, CI, and SOZ are potential, reasonable intermediate products in the EVE ozonolysis, denitive identication and band assignments are challenging. The assignments could be achieved by comparing the vibrations of functional groups obtained from theoretical calculations to their infrared absorption characteristic peaks ( Some CI bands could be indicated from the great change of the peaks at different temperature. Calculations of bands for two CIs indicated that each had one very intense mode, the O-O stretching mode in the 900-1000 cm À1 region. Only one peak at 949 cm À1 was observed in this region. Though not obvious at 14 K, this peak appeared at 25 K and then, grew signicantly as the matrix was annealed to 30 K. The peak could be denitively assigned to formaldehyde-O-oxide. Meanwhile, the characteristic intense O-O stretching modes of the two possible CI structures were computed to be 912 cm À1 for formaldehyde-Ooxide (IM2e) and 880 cm À1 for C 2 H 5 OCHOO (IM3e). The band position of formaldehyde-O-oxide was closer to the experimental peak (949 cm À1 ) than the peak of C 2 H 5 OCHOO. The O-O stretching mode in gaseous formaldehyde-O-oxide, measured at 298 K by a step-scan FTIR spectrometer, was located at 908 cm À1 . 36 The difference between this band position and the 949 cm À1 obtained in the current study is likely assigned to the difference in temperatures between the two experiments, which have different effect on the matrix. Band positions in other systems were also found to change with respect to change in temperature. 37 Thus, these results support the identication of the CI and show that channel I is the dominating path in the ozonolysis of EVE.
The interesting part of the POZ molecule was the -O-O-Ogroup, and the information on the binding in this group could be obtained through comparison to similar molecules containing the trioxygen linkage. The relative intensities and positions between the two fundamentals for O 3 other weak bands were also tentatively assigned (Table 1) . 3.2.2. Ozone + n-BVE reaction. To conrm that the ozonolysis of n-BVE proceeded through the Criegee mechanism, the reaction of EVE and ozone was used for comparison. In an initial twin jet experiment, a sample of Ar/ozone ¼ 200 was codeposited with a sample of Ar/n-BVE ¼ 200. A few new product bands such as 635, 784, 933, and 1742 cm À1 were observed in the spectrum of the initially deposited matrix (Fig. 3) . When the matrix was annealed, rst to 25 K and then to 30 K and recooled to 14 K, some bands such as the 653 cm À1 band grew substantially. The product bands are summarized in Table 2 . An additional twin jet experiment was conducted with an argon/n-BVE ratio of 100. The same initial product bands were observed, with band intensities varying directly with the specic value of the concentrations (Fig. S3 †) . Although some experimental bands at 1021, 1072, 1177, 1189, 1193, and 1199 cm À1 overlapped with the parent bands, calculations predicted their positions. These bands are also listed in Table 2 . On the basis of the Criegee mechanism and the results for the EVE/ozone system, likely candidates for the bands of initial , which grew signicantly aer annealing to 30 K. The agreement between calculated and observed band positions is very good, though some bands were overlapped by parent absorptions, supporting the formation and stabilization of CI in the n-BVE ozonolysis. Alternative explanations involving products from fragmentation could include 1-butanol formed through CO 2 elimination from the CI. However, this possibility can be excluded by comparing the spectrum obtained to authentic argon matrix spectrum of 1-butanol available in the literature.
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For the POZ, particularly characteristic and intense bands were observed at 784 and 930 cm À1 . 38 and in inorganic ozonide. 39 The summary of the vibrations in similar structures are provided in Table 3 . The comparison shows that the O-O-O bonds in the POZ from n-BVE ozonolysis are relatively weak s bonds, which may easily be broken and lead to further reactions. This agreement for the two most distinct modes is a strong support to the identication of POZ. In addition, two other peaks were found in the experimental spectrum, the O-O-O symmetric bending vibration at 703 cm À1 and the C-C-C symmetric stretching vibration at 1163 cm À1 .
Two intense bands observed at 1109 and 1154 cm À1 were assigned to the SOZ, while the two most intense bands of the SOZ from calculations were obtained at 1080 and 1153 cm À1 .
These bands support the identication of SOZ in the n-BVE ozonolysis reaction. The spectroscopic properties presented in this study support the observation and characterization of POZ, CI and SOZ in the reaction of ozone with n-BVE, hence providing direct evidence for the Criegee mechanism.
Conclusions
Matrix isolation technique combined with FTIR was used to identify and characterize the direct intermediate products formed during the EVE and n-BVE ozonolysis reactions. DFT calculations based on the B3LYP-D3/aug-cc-pVTZ level of theory were performed to determine the most likely structures, spectra, and relative energies of the direct products in these reactions. By combining experimental observations with theoretical calculations, the product bands were successfully assigned to the primary ozonides, Criegee intermediates, and secondary ozonides. Our ndings demonstrate that the ozonolysis of EVE and n-BVE predominantly follow the Criegee mechanism, and the dominant pathways in these reactions lead to the formation of carbonyl oxides and corresponding esters. The current results further provide signicant information to better understand the processes of the atmospheric degradation of vinyl ethers.
